University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-2005

Directed self-assembly of nanoparticles at interfaces.
Yao, Lin
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1

Recommended Citation
Lin, Yao,, "Directed self-assembly of nanoparticles at interfaces." (2005). Doctoral Dissertations 1896 February 2014. 1077.
https://doi.org/10.7275/gy4e-3r55 https://scholarworks.umass.edu/dissertations_1/1077

This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It
has been accepted for inclusion in Doctoral Dissertations 1896 - February 2014 by an authorized administrator of
ScholarWorks@UMass Amherst. For more information, please contact scholarworks@library.umass.edu.

DIRECTED SELF-ASSEMBLY OF NANOPARTICLES AT INTERFACES

A Dissertation Presented
by

YAO LIN

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment

of the requirements for the degree of

DOCTOR OF PfflLOSOPHY

September 2005

Polymer Science and Engineering

© Copyright by Yao Lin 2005
All Rights Reserved

DIRECTED SELF-ASSEMBLY OF NANOPARTICLES AT INTERFACES

A Dissertation Presented
by

YAO LIN

Approved^to

Thomas

style

and content by:

P. Russell, Chair

Todd Emrick, Member

Anthony D. Dinsmore, Member

Shaw Ling Hsu, Department Head
Department of Polymer Science and Engineering

DEDICATION

To My Family

ACKNOWLEDGMENTS
First, I

would

like to

thank

my advisor, Thomas P.

thoughtful, patient guidance and support.

Tom's group and

so lucky to have

I

always

feel so

Russell, for his

proud

to be a

Tom as my mentor. Thanks are also

many

years of

member of
due

to the

members of my committee, Todd Emrick and Anthony D. Dinsmore,
whose
contributions to

I

my professional development

have been invaluable and

am extremely grateful to my collaborators

Alexander Boker, Habib Skaff,

Jinbo He, Hongqi Xiang, Ting Xu, Zhiqun Lin, Kevin

Heiko

Zettl,

Qian Wang, Su Long,

Cookson, Philippe

Carl,

Jin

Wang, Xuefa

Sill,

Li,

Ravisubhash Tangirala,

Pappannan Thiyagarajan, David

Andreas Fery, Yu-li Wang, Narayanan Menon,

Russell, Vincent Carreon and

Megan

Juszkiewicz.

fruitful.

I

spent

Justin T.

many enjoyable hours

in the

laboratory with them and have learned a great deal from them.

I

members

always appreciate the help and stimulating discussions from the group
including

Amanda Leach, Matt

Xiaochuan Hu, James

Mingfu Zhang.
I

would

It

Misner, Kris Lavery, Julie Leiston-Belanger,

Sievert, Suresh Gupta,

Kyusoon

Shin, Kevin Cavicchi and

has always been enjoyable to work with them.

like to

Besse, Sophia Hsu,

thank Linda Strzewgowski, Susan Ryan, Anne Gaddy, Eileeen

Ann

Brainerd and Joann Chauvin, for helping

me

in

many ways

with research and graduate studies.

Finally,

wife and

my

I

want

to

thank

my parents, my

grandmother,

son for everything they have done for

me

in

my

my parents-in-law, my
life.

Their love,

encouragement, support and sacrifice have been the basis of my achievement and
forever be appreciated.

V

will

ABSTRACT
DIRECTED SELF-ASSEMBLY OF NANOPARTICLES
AT INTERFACES

SEPTEMBER

YAO LIN,
M.A.,
Ph.D.,

B.S.,

2005

FUDAN UNIVERSITY

COLLEGE OF WILLIAM AND MARY

UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas P. Russell

The

fabrication of functional nanostructured materials for
sensing, encapsulation

and delivery requires practical approaches

and the synthesis of tough yet permeable

to self-assembly

on multiple length

scales

structures. Here, ligand-stabilized

nanoparticles assembled into three-dimensional constructs

at fluid-fluid interfaces

driven by the reduction in interfacial energy were investigated. Studies on the dynamics

of the nanoparticles and the self-assembled structures formed

at the interface,

using

fluorescence photobleaching methods and in-situ grazing incidence small angle x-ray
scattering, suggest a liquid-like behavior

and ordering

at the interfaces.

the nanoparticle assembly using functional ligands, affords robust

maintain their integrity even

when they

composite membranes, nanometers

are

removed from

self-assembly of nanoparticles

at the

at fluid interfaces

was

that

i.e.

permeable. Combining

"breath figures", with the

oil-water interfaces lead to the formation of

hierarchically structured nanoparticle arrays.

complexes

membranes

the interface. These

in thickness, are elastic yet

other self-assembly processes on different length scale,

Cross-linking of

The assembly of virus and other

also investigated

where

interfacial

biological

assembly rendered

an easy route to direct and assemble the bioparticles into 2-D and 3-D constructs with

vi

hierarchical ordering. These assemblies
enable the potential use of the
bioparticles as a

natural supramolecular building block
to obtain materials with
well-defined biofunctionalities.

Also, the organization of inorganic
nanostructures within self-assembled organic

or biological templates

is

receiving the attention of scientists
interested in developing

functional hybrid materials. Recent theoretical
arguments have suggested that
synergistic interactions between self-organizing
particles and a self-assembling matrix

material can lead to hierarchically ordered structures.
Here

diblock copolymers and either

cadmium

we show

that mixtures of

selenide- or ferritin- based nanoparticles

exhibit cooperative, coupled self-assembly on the
nanoscale. In thin films, the

copolymers assemble

into cylindrical domains,

which

dictate the spatial distribution of

the nanoparticles; segregation of the particles to the interfaces
mediates interfacial
interactions and orients the

the blocks

is

copolymer domains normal

to the surface,

even when one of

strongly attracted to the substrate. Organization of both the polymeric and

particulate entities

is

thus achieved without the use of external fields, opening a simple

and general route for fabrication of nanostructured materials with hierarchical

vii

order.
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ASSEMBLY OF NANOPARTK LKS AT LIQUID
INTLRl ACLS
LI Introduction
As many top-down manufacti.nng methods approach
development of viable sell-assembly processes
materials

grows

in

practical Umitations, the

that result in functional
nano-structured

importance. However, self-assembly alone

is

insufficient to ineel the

challenges of multi-size scale ordering and control
of materials that lead to functional
hierarchical assemblies.

Rather, directed self-assembly or, perhaps
more appropriately,

biased directed self-assembly are necessary to control
the spatial distribution of
materials

in a

highly controlled manner, liven more desirable

is

the utilization of

materials with inherent functionality such as magnetism,
conductivity, optical activity,

or biological activity. Ligand-stabili/ed inorganic nanoparticlcs
and bionanoparticlcs

such as viruses, are ideally suited to meet such challenges,
three-dimensional distribution of the particles

is

possible.

if

precise control over the

To accomplish

such a level

of control, we proposed to use the assembly, chemistry, and physics of nanoparticlcs

at

fluid-fluid interfaces to enable unique, functional materials that require hierarchical

assembly.

The self-assembly of colloidal

particles at lluid interfaces, driven by the

reduction

in interfacial

fluids,

on the surface of droplets, arc

i.e.

colloidal particles^

size less than 10

'^.

energy,

is

well established'

Later studies'*

nm. Particles of

optoelectronic properties'"

'''.

".

ideal for the

Interfaces between immiscible

assembly of micron-sized

have focused on the assembly of particles having

this size scale arc

of interest owing to their unusual

Recently, the hierarchical self-assembly of ligand-

a

stabilized colloidal nanoparticles
at fluid interfaces

was reported'^

'\

where thermal

fluctuations, in competition with
interfacial energy, give rise to
a size-dependent

assembly of nanoparticles
arise

from

this segregation

at

the interfaces. While the richness
of opportunities that

behavior

is

evident, understanding the
parameters that

control the self-assembly, the structure and
dynamics of the nanoparticles at the
interface, the barrier properties of the
assembly,

to the use of these assemblies for the design

and the

rate of particle

exchange

key

is

and fabrication of devices. Here, a study on

the structure of the nanoparticles assembly, using
electron microscopy, atomic force

microscopy and x-ray scattering methods

dynamics of the

where the

size

probe of their

particles

is

presented. In addition, the in-plane

was investigated by fluorescence photobleaching methods,

dependent fluorescence emission of the nanoparticles provides
a
spatial distribution.

The understanding and

unique organizations of the nanoparticle assembly

direct

thereafter the control over the

at interfaces,

render the possibility to

fabricate functional nano-structured materials with hierarchical orderings,
like ultra-thin

nanoparticle

1.2

membranes or nanoparticle decorated

breath figures'^-'^

Experimental
Tri-«-octyl-phosphine-oxide

as described in the literature

of the

TOPO

bound

(TOPO) covered CdSe

and repeatedly precipitated

nanoparticles were prepared

in

methanol to remove most

to the nanoparticles.

Water droplets with diameters from 10

100 microns were obtained by adding water

into a dispersion of the nanoparticles in

not

toluene, followed

at the

by shaking. The CdSe nanoparticles, dispersed

in toluene,

to

assembled

toluene-water interfaces within seconds, stabilizing the dispersion of the water

droplets. Excess nanoparticles in the oil phase

2

were removed by replacing the toluene

phase with pure solvent. Fluorescence
confocal microscopy studies
were performed
with a Leica

TCS SP2

laser scanning confocal

microscope

emersion objective and Ar-laser excitation.
Bright
samples using a

JEOL lOOCX

were performed

at the

(SAXS) on

with an

oil-

TEM was performed on

electron microscope operated

incidence small angle x-ray scattering (GIS
AXS)
small angle x-ray scattering

field

(LSCM)

at a planar

100 kV. In-situ grazing

at

toluene-water interface and

nanoparticle-stabilized water droplets in
toluene

Advanced Photon Source (APS)

at the

Argonne National

Laboratory.

1.3 Results

and Discussion

Auto-correlation

2501^

^

200-

3
•2.

150\

I

B
£

100-

7.2nm

50-

()

5

10

15

20

25

D(nm)

Figure

(A) Fluorescence confocal microscope image of water droplets dispersed in
toluene, covered with CdSe nanoparticles. (B) Differential interference contrast optical
1.

microscopy image of dried droplets on a silicon substrate. Inset: AFM height section
analysis. (C) TEM image of a dried droplet. Inset: Auto-correlation function of the

TEM

image.

3

Fig. 1(A)

shows a fluorescence confocal microscope
image of water droplets

dispersed in toluene (fluorescence excitation:
488nm; emission: 610nm), where the

4.6nm-core-diameter CdSe nanoparticles are assembled
1(B)

that

at the interface.

Shown

in Fig.

an optical microscope image of several
nanoparticle-stabilized water droplets

is

were isolated and dried on a

silicon substrate.

The toluene and water evaporated,

leaving collapsed layers of nanoparticles whose
thickness were twice the thickness of
the shell. Using atomic force microscopy, the thickness
of the nanoparticle assembly

was found

to be 15

± 3nm, approximately twice

the diameter of the ligand-covered

nanoparticles, indicating that a monolayer of nanoparticles had
assembled at the

water interface.

A

similar experiment

was performed using

microscopy (TEM) grid and the electron micrograph shown

The

auto-correlation function of the

order

is

7.2nm

observed

is

in the dried

comparable

a transmission electron

in Fig.

1(C) was obtained.

TEM image is shown in the inset. No long-range

nanoparticle assembly.

to the effective

oil-

The mean

inter-particle spacing of

diameter of the CdSe core and the organic ligands.

Detector
plane

Figure

2.

(A)

assembly

at a

qy.

(C)

SAXS

GISAXS

experimental setup. (B)

planar toluene-water interface.
pattern

shows an azimuthal

The

GISAXS

pattern

inset depicts an intensity scan along

from nanoparticle-stabilized water droplets

intensity scan.

4

from nanoparticle

in toluene.

The

inset

The experimental setup of

(GISAXS)
Presented

at

in-situ grazing incidence small
angle x-ray scattering

a planar toluene-water interface

in Fig.

2(B)

is

a

GISAXS

pattern

at

The

in the

at the interface.

schematic of Fig. 2(A).

distinct off-specular reflections are

off-specular scattering consists of

to the toluene-water interface

monolayer of spheres assembled
occurs

shown

where

seen, along with a strong specular reflection.

Bragg rods oriented normal

is

which

The maximum

qy=0.91nm'', corresponding to a spacing of ~7

nm

is

characteristic of a

in the scattering

which

two

is

rods

commensurate

with the core diameter of the nanoparticles plus twice the length
of the stabilizing
ligand.

Comparison of the measured

indicates that the assembly

is

GISAXS

liquid-like with

microscopy and scattering data reveal

patterns with

model

no long-range order. The combination of

that the nanoparticles

interface as a monolayer, but the packing of the particles

is

assemble

pattern

is

shown

seen

at

in

Figure 2(C).

A

q= 0.92 nm"' with

a

diffuse

maximum

at the oil-water

liquid-like, exhibiting

long-range order. S AXS data on the assembly of nanoparticles
droplets are

calculations^'

at the surfaces

no

of water

in the isotropic scattering

FWHM of 0.44 nm

',

indicating a lack of long-

range order. These data are consistent with the results on the planar interface, revealing
that the

packing of the nanoparticles

crystalline order

nanoparticles^^,

is,

more than

which

is

Assembly of the

is

likely,

the

due

same

in

both cases. The absence of

to the polydispersity in the size of the

a few percent of the average diameter.

particles

is

driven by the minimization of the Helmholtz free

energy. Based on the arguments of Pieranski', the change

to the

placement of a single particle

Vo/w

at the

in the interfacial

oil-water interface

is

given by

energy due

when r

> y^^^ -

(no adsorption

when

this condition is not satisfied).

The

three contributions to the changes in the interfacial
energy are the particle/oil interfacial

energy

(yp/o), the particle/water interfacial

energy

(ypav)

and the oil/water

energy (yo/w). Based on published values'^ of
Yo/w = 35.7

-15

mN/m and Ypav

~40 mN/m,

AE -SkeT

mN/m

interfacial

and estimates of Yp/o

and -lOkeT for 2.7nm and 4.6nm core

diameter nanoparticles, respectively. The weak energy associated
with placing the
nanoparticles at the interface gives rise to a thermally activated
escape from the
interface.

The desorption of particles from

time, with a characteristic time,

Tojf,

the interface

expected to be exponential in

is

that should increase with the adsorption free

energy, AE, as

=Aexp(-A£/^,r)
with

A

(2)

depending only weakly on

size.

Because

AE oc

R^-

^

the residence time of the

nanoparticles at the interface increases with increasing particle

adsorption of nanoparticles

at the interface

with 4.6nm. particles assembled
the droplets with

2.7nm

a clear size-dependence. Droplets

at the interface are stable for

particles coalesce within hours

coverage by desorption.
less than

shows

No

droplet stabilization

size. Qualitatively, the

is

days

owing

to a

in

pure toluene, while

reduced surface

seen for particles with diameters

-1.6 nm, suggesting that thermal fluctuations reduce the concentration of

adsorbed particles below the level needed to form a stable

The weak energy

interface.

associated with the assembly of the nanoparticles at the

interface gives rise to a thermally activated escape.

The residence time of the

nanoparticle at the interface increases with increasing particle size. Thus, unlike larger,

micrometer-sized particles that are strongly held

at the interface,

it is

possible for

smaller nanoparticlcs

We

al

an interface to be preferentially displaced
with the larger ones.

introduced 4.6-nm particles

in

toluene to a dispersion containing water
droplets

toluene that had been stabilized with 2.8-nm particles
(Fig.

which fluoresce
fluoresce

at

at

3).

The 2.8-nm

525 nm, are shown as green, whereas the 4.6-nm

610 nm,

are red.

The 4.6-nm

particles

is

particles,

particles,

consistent with a

E of about

of larger nanoparticlcs with smaller nanoparticlcs did not occur,

arguments above. This simple displacement process

is

unique

The spontaneous
-5 k„T.

in

Displacement

keeping with the

to nanoparticlcs, in

thermal fluctuations can be dominant. Figure 3 also shows a two-dimensional

dependent segregation

at the interface

which

assembled on the surface of an

existing stabilized droplet, displacing the smaller
2.8-nm particles.

escape of the 2.8-nm nanoparticlcs

3.

which

siz
ze-

separating the two fluids, observable by the

unique dependence of the fluorescence emission wavelength on the nanoparticle

Figure

in

size.

Three-dimensional reconstructions of confocal microscopic images

ol"

a

CdSe nanoparticlcs (green)
after the introduction of a solution of 4.6-nm- diameter CdSe nanoparticlcs (red). The
three images are the same volume of the sample rotated in the field of view. As seen,
the 4.6-nm nanoparticlcs displace the 2.8-nm nanoparticlcs and show evidence of a
dispersion of water droplets stabilized by 2.8-nm-diameter

phase separation on the water droplet surface. Scale

To

bar, 16 [xm.

probe the size-dependent assembly of nanoparticlcs

quantitatively, mixtures of

two

different sized nanoparticlcs

at interfaces

more

were investigated.

A

blend

of 2.7nm and 4.6nm diameter nanoparticlcs was prepared and allowed to assemble on

7

the surface of water droplets by shaking.
Subsequently the time dependence of the ratio

of peak emission intensities of the two different
sized particles
monitored. The 2.7nm particles fluoresce
particles fluoresce at

610nm. Gaussian

at

525nm whereas

profiles

were used

at the interface

the

4.6nm diameter

to deconvolute the

emission profiles. The background fluorescence from the
nanoparticles

and

in the

same

focal plane

was used

to normalize the data so as to

depth-dependence of the fluorescence intensity
that the relative concentration of

4.6nm

approximately exponentially with time

exchange process dominates. The

assembled

at the early stage

compensate for the

AE —SkeT.

phase separation
4.6

nm particles

4 shows

at the interface increases

of displacement when a simple

characteristic time for this

exchange process

8.6(±3)xlO seconds. The spontaneous escape of the 2.7nm nanoparticles
with

two

in the oil ph;lase

(the inner filter effect)^^ Fig.

particles

was

is

is

consistent

After -24 hrs, the two different sized particles were seen to undergo a
at the interface, as

are seen to

reported earlier'^. After 48 hrs, circular areas of the

form on the droplet

surface. This two-dimensional phase

separation of the nanoparticles at the interface requires an in-plane mobility that can be
quantified in terms of a diffusion coefficient.

large-particle

domain supports

The observed non-faceted shape of the

the previous conclusion that the nanoparticle assembly

liquid-like.

8

is

07-

i

i

04
10

20

30

40

t(hr)

Time dependence of the relative portion of the 4.6nm particles
with 2.7nm particles at the interface. The solid line shows
a fit to an

Figure

4.

in a

mixture

exponential with

characteristic time t=8.6(±3)x10''

The

s.

in-plane diffusion of nanoparticles assembled at interfaces in an equilibrated

system was studied using fluorescence recovery

after photobleaching^^

fluorescence loss in photobleaching (FLIP). In the

assembled
laser,

at the interface

488nm

line) at a

were photobleached

high power for 10

s.

FRAP

fluorescence, which

is

measured using a

The subsequent

laser at

(PT^AP) and

experiments, the nanoparticles

at the focal point

non-bleached nanoparticles into the bleached area leads

'^

of the laser

beam (Ar+

diffusion of the surrounding

to a recovery of the

lower power. While the diffusion of

different sized particles could be measured, the mobility of the

4.6nm nanoparticles was

chosen since the escape of these particles from the interface

much

is

longer than the

time scale of photobleaching experiments (<lhr). The normalized recovery curves from
the bleached spot,

m

=

S
n=0

were analyzed by

fitting the

1

data to

25-27

(3)
nl
l

+n

1

+

It

9

where k

a bleaching constant that depends on the
sensitivity of the system for

is

bleaching. Td (the characteristic

coefficient

2-D

diffusion time)

is

related to the

2-D

diffusion

by

4D
where

(4)

w is the radius

mtensity

falls to e"

of the waist of the focused laser beam,

of the

of pure 2-D diffusion that
profile.

The

maximum intensity.
is

monitored by a

profile of the laser

beam was

This model

laser

is

beam with

i.e.,

the radius at

which the

valid for the idealized case

a Gaussian intensity

obtained by point-bleaching a fluorescently

labeled thin polystyrene film under experimental conditions identical to that used
in the

nanoparticle experiments.

The beam

recovery measurement and

fit

waist, w,

to the data are

image of the cross section of a droplet

From

bleached).

shown

shown

in Fig.

to be 3|im.

A typical

5(A) where the fluorescence

(the dark region in the ring has

D can be calculated to be

been

1.3(±0.3)xl0"'° cm^/s.

and (B) FLIP experiments on an assembly of 4.6nm nanoparticles
toluene-water interfaces. Inset: LCSM image of the droplets being bleached. The

Figure
at

these,

is

was measured

5.

intensity

(A)

is

FRAP

normalized by the average value before bleaching.

10

In the

at a

area

FLIP experiments,

a circular area at the interface

was repeatedly bleached

high laser power. The reduction of the fluorescence
intensity from the unbleached

was then measured

as a function of time, using a reduced laser
power. Multiple

regions equidistant from the bleaching area were probed
to increase precision. The

measured areas were chosen
bleaching from the laser

far

beam

enough from

profile.

To

the bleached area to avoid any direct

ensure that there was no generalized

bleaching effect due to the imaging, the fluorescence emission
intensity from

one neighboring unbleached droplet, included
normahzation.

Shown

in Fig.

5(B)

is

in the field

at least

of view, was used for

a typical measurement of the fluorescence loss at

the droplet interface as a function of time. At long time, the intensity within
a few

microns of the bleaching area has decreased
lateral diffusion

coefficient

in the

background

on the droplet surface has occurred. The

D obtained from fits to these

Both the

to near

FRAP

levels,

showing

2-D

diffusion

effective

measurements was 3.3(±0.7)xl0''° cm^/s.

and FLIP measurements show

that the nanoparticles are

is

four orders of magnitude lower than the diffusion coefficient of

nanoparticles dispersed in toluene, as measured by dynamic light scattering.

point

mobile

plane of the interface. For the 4.6nm nanoparticles, the in-plane diffusion

coefficient

noted

that a

that, since the

is

It

should be

equator of the droplet was chosen as the focal plane, the bleaching

extended on the z direction that could lead to

slight errors in the evaluation of

the diffusion. Nonetheless, the mobility of the particles and the reduction in the

diffusion coefficient due to the confinement of the nanoparticles to the interface are

clear.
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1.4

Conclusions
In

summary,

two immiscible
size

it

has been

shown

that nanoparticles

assemble

at the interface

of

liquids as a disordered but densely packed
monolayer. In addition, a

dependent exchange of particles occurs, where larger

particles at a rate that

is

particles displace the smaller

consistent with their adsorption energies.

dynamics of the nanoparticles were investigated

in-situ

The

in-plane

by fluorescence photobleaching

methods, making use of the inherent fluorescence emission from
the nanoparticles. The
in-plane diffusion coefficient of the nanoparticles was found
to be four orders slower

than that of the particles in solution. The results presented here, have
implications in the

design of hierarchical self-assemblies of nanoparticles for the one-step fabrication
of
devices on multiple length scales.
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CHAPTER 2
ULTRATHIN CROSS-LINKED NANOPARTICLE MEMBRANES

2.1 Introduction

Assembly and chemical reactions
lipids

at interfaces

using polymers, surfactants,

and proteins have been well-studied^^"". However, very few
routes

independently control mechanical, structural, electronic and
optical properties.
Functionalized nanoparticles are ideal for hierarchical self-assembly,
as the
nanoparticles possess a range of tunable electronic and optical properties'°"'^•^^
while
the attached ligands can be tuned to tailor interactions with the
surroundings. Fluidfluid interfaces offer unique platforms for the

Interfaces between immiscible fluids,

i.e.

assembly of colloidal

particles^'^''^''^'^^

on the surface of droplets, have been shown

to

be ideal for the assembly of elastic, semi-permeable capsules composed of micron-sized
colloidal particles

.

Recently,

we

described the self-assembly of ligand-stabilized

nanoparticles at fluid-fluid interfaces and phase separation of different size
nanoparticles on the interface^*^.

For optimal

utilization of nanoparticles at fluid interfaces,

methods are needed

to

provide robust assemblies so that the interface can be removed subsequent to the
assembly. Here v^e describe chemical crosslinking of the ligands attached to the
nanoparticles as an effective route to this end.

and provide rapid diffusion of reagents

The

ability to functionalize the ligands

to the fluid-fluid interface allows stabilization of

the nanoparticle assemblies via crosslinking to give nanoparticles

network of crosslinked

ligands.

membranes prevent convection,

embedded

in a

These composite organic-inorganic, nanometer-thick
but allow diffusion of small molecules across the

13

interface.

Compared with

layer-by-layer polyelectrolyte deposition^^
or charged

colloidal particles'^ assembly at the soft
fluid-fluid interface requires fewer
steps,

affords ultrathin

membranes of nanoparticle width, and may reduce

thanks to the mobility of nanoparticles

2.2 Results

structural defects

at the fluid interface.

and Discussion

Figure 6(A) shows a fluorescence confocal microscope
image of the air/toluene

and toluene/water interfaces with 4.6±0.2

(TOPO)

stabilized

CdSe

nanoparticles in toluene.

assembly

is

assembly

at the toluene/air interface

background

observed

arises

nm diameter tri-n-octylphosphine oxide

at the

As

in

previous studies'^ nanoparticle

toluene/water interface, while there
(on the surface of an

from the nanoparticles dispersed

shows a fluorescence image of a water droplet
nanoparticles, while Fig. 6(C)

shows

in

in the

air

is

no noticeable

bubble).

diffuse

toluene phase. Figure 6(B)

toluene covered with

the inverse case.

The

The

CdSe

nanoparticles self-assemble

so as to form a separating layer between the water and toluene. Studies of dried
droplets with atomic force microscopy, transmission electron microscopy and in-situ
studies by small-angle x-ray scattering indicate that the nanoparticles form a nearly

close-packed monolayer with liquid-like ordering'^.
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Air

Water
Oil

Oil

Nanoparticle Assembly

Water

Figure

Oil

Fluorescence confocal microscopy on a nanoparticle assembly
showing (A)
preferential segregation of CdSe nanoparticles at the
oil-water interface (scale bar 70
[im) (B) water-in-oil droplets; and (C) oil-in-water droplets (scale
bar 20nm).
6.

The dense packing of the ligand-covered

nanoparticles at the fluid- fluid

interface opens the possibility of stabilizing the assembly by crosslinking
the ligands^^.

CdSe

nanoparticles with a core diameter of 2.9±0.2

nm and covered with reactive

vinylbenzene moieties were prepared as described previously^' and dispersed
toluene. This solution

was introduced

to an

imidazolin-2-yl)propane) dihydrochloride

assembly

at the

aqueous solution of 2,2'-azobis(2-(2-

(Wako VA-044),

to give nanoparticle

planar oil-water interface. The system was sealed under nitrogen and

heated to 60 °C for 6 hours to afford a membrane of crosslinked nanoparticles
toluene-water interface. The

suspended

in

membrane was removed from

the interface

at the

by pipette and

in toluene.

Figure 7 shows three-dimensional confocal fluorescence microscope images of
the resulting sheet suspended in toluene (rotated to view at three different angles).

surface area of the sheet

from shear

is

on the order of

1

cm

.

The crumpled morphology may

stresses during manipulation with the micropipette.
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The fluorescence

The
result

emission (excitation: 488nm, detection: 540nm)
arises from the nanoparticles,

unchanged before and

after

assembly and crosslinking. The observation
of a

membrane

structurally intact

floating freely in toluene demonstrates
that the ligands

attached to the nanoparticles crosslinked into a
continuous, elastic membrane. This

membrane, while

clearly observable by photoluminescence,

transmission optical microscope due to

Figure

7.

its

is

invisible in a

ultrathin nature.

Confocal microscope image of a nanoparticle sheet prepared by crosslinking

the associated organic ligands.

The

scale bars are

The morphology of the crumpled
properties.

The pronounced

50

|im.

sheets provides insight into their elastic

ridges observed in the confocal images are similar to those

seen in macroscopic crumpled elastic sheets such as paper or aluminum
Elasticity theory characterizes this elastic sheet

bending modulus

is

K.

If the

membrane

is

by an area-expansion modulus

composed of an

approximately equal to the membrane thickness. The

morphology of the crumpled sheet
curvature,

Q, and

,

22

foil

G

and a

isotropic material, then (k/G)

ratio

of k/G also determines the

and can be measured by comparing the typical

the length, L, of the ridges as

16

(

T

V'^

(/r/G)~l

From
from 2

to 7

(5)

the confocal images,

nm, comparable

many C„ and L
membrane

to the

pairs

were measured

thickness (~5 nm).

consistent with that of a uniform elastic sheet.

An

upper bound

The deformation

to

an overestimate,

is

undulations of the

it is

is

k can be obtained by

modeling the membrane as a ~5-nm thick layer of
polystyrene, which
k^T. While this

to give {kIG)"'

yields

k~

lO'

consistent with the fact that no thermal

membrane were observed,

indicating that k\s at least lOk^T.

Permeable and robust sheets of the type shown here have great

potential as

diffusion barriers. Following sheet formation at the toluene-water
interface as described

above, a droplet of an aqueous solution of sulforhodamine-B was placed on
top of the

membrane. Figure 8(A) shows the membrane's
curvature of the

membrane

arises

from

its

ability to support the droplet.

The

contact with the side-walls of the tube and the

energies of the toluene/water, toluene/wall and water/wall interfaces. Additional dye
solution

was then added

(Fig. 8(B))

dye across the membrane, and

membrane. This

to

and the tube was tapped vigorously to spread the

remove toluene trapped between

resulted in a decreased curvature of the

the dye and the

membrane

(Fig. 8(C)), but

convective transport of the dye across the membrane. After 12 minutes the dye had
diffused across the nanoparticle

membrane and
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into the water phase (Fig. 8(D)).

no

Figure

Digital photographs of organic dye (red solution)
becoming entrapped and
then diffusing across a membrane of crossUnked nanoparticles.
The bold arrow points to
the interface in each tube
8.

It

should be noted that the diffusion front of the dye

in the

water

is fairly

sharp,

indicating an absence of convection current in the water phase. In control
experiments

using non-crosslinked assemblies of CdSe nanoparticles, the dye solution penetrated
the
nanoparticle assembly by convection, immediately dispersing the sulforhodamine-B in
the water at the base of the tube. These results point to the robust barrier properties of
the nanoparticle-membrane, and their ability to prevent convective mixing.

show

that the

membrane

is

permeable, yet

of larger molecules across the

may

They

also

serve to retard or suppress the diffusion

layer.

Crosslinking of the ligands can also be used to stabilize the nanoparticle

assembly on the interface of droplets. This leads
droplets

by a

shell

to the encapsulation of the water

of crosslinked nanoparticles. Subsequent centrifugation and washing

with pure toluene caused some of the crosslinked shells to crack, as shown
Nevertheless, the integrity of the assembly

crosshnking

in

is

Figure

9.

maintained, showing the impact of ligands

promoting the mechanical and

18

in

structural stability of the assemblies.

Figure

9.

Confocal microscope image of a water droplet dispersed

a shell of crosslinked

CdSe

nanoparticles.

The

scale bar

is

40

in

toluene covered by

|im.

2.3 Conclusions

In

summary, self-assembly of chemically functionalized nanoparticles

at the

toluene/water interface, coupled with chemical crosslinking of the attached
ligands,

provides a simple and flexible route for the fabrication of ultrathin, composite organicinorganic membranes. Interfacial crosslinking

at droplet surfaces

enables the

encapsulation of water-soluble or oil-soluble materials inside the resulting nanocontainers.

By

varying the concentration of reactive moieties,

it

will

be possible to

control the permeability and strength of these nano-structured membranes.
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CHAPTER 3
HIERARCHICAL NANOPARTICLE ASSEMBLIES FORMED

BY

DECORATING BREATH FIGURES

3.1 Introduction

The combination of two self-assembly processes on

different length scales leads

to the formation of hierarchically structured
nanoparticle arrays. Here, the formation of

spherical cavities, or "breath figures"

made by

-

the condensation of micrometre-sized

water droplets on the surface of a polymer solution
ordered hexagonal array,

is

combined with

-

that self-assemble into a well-

the self-assembly of

CdSe

nanoparticles at

the polymer solution-water droplet interface. Complete evaporation of the
solvent and

water confines the particle assembly to an array of spherical cavities and allows for ex
situ investigation.

Fluorescence confocal, transmission electron and scanning electron

microscope images show the preferential segregation of the CdSe nanoparticles

polymer solution-water

interface

where they form a 5~7-nm-thick

functionalizing the walls of the holes. This process opens a

new

layer, thus

route to fabricating

highly functionalized ordered microarrays of nanoparticles, potentially useful
sensory, separation

membrane or catalytic

is

polymer surfaces by
solution has been

honeycomb

well known"

in situ

shown

.

in

applications.

The phenomenon of water condensing on
arrays of droplets

to the

a clean surface to form well-ordered

In the past decade, the transfer of such structures to

condensation of water droplets onto a drying polymer

to be a convenient

structures into polymers"

and homopolymers, with and without

"

means

to "imprint" highly ordered

or nanoparticle thin films

.

Block copolymers

surfactants, have been used to obtain exquisite
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arrays of holes, the so-called breath figures,
with controlled sizes and separation
distances^^'^'.

Based on these previous investigations

that established a standard

to generate breath figures with a high degree of
control, in the present paper

method

we aim

to

introduce ftinctionality exclusively to the walls of the
holes to enable the use of these
arrays in technical applications, for example, as sensors,

Optimizing

filters

or catalytic

sites.

versatility in functionalizing these surface structures
requires an

process, because in situ functionalization

with the breath-figure formation.

weight surfactants, however,
functional groups

is

embedded

chemical reactions involved
use of ligand-stabilized

Ex

made

in the

in

CdSe

situ

ex

situ

limited to surfactants that are compatible

is

processing of polymers or low-molecular-

difficult

by the limited

polymer matrix,

generating

new

accessibility of the

as well as the complexity of

functionalities. Here,

we

demonstrate the

nanoparticles to functionalize these breath-figure holes.

This opens straightforward routes to modify the surface functionality within the breath
figures

by simple ligand exchange on the nanoparticles, thereby circumventing the

above-mentioned

limitations.

The self-assembly of functionalized
structural, electronic

particles^'^''^^"^^

nanoparticles yields a

new

route to control

and optical properties independently by tuning the core

and the chemistry of the attached

ligands'^*'.

sizes of the

Earlier attempts to create

periodic structures with nanoparticle decoration relied on a multi-step process involving

nanoparticle-coated lattices as templates assembled into two-dimensional or three-

dimensional

immiscible

superstructures'*^'^*^.

fluids, for

ideal for the

Our approach

uses the liquid-liquid interface between

example, on the surface of droplets, which has been shown to be

assembly of colloidal

particles^^''*^"^^
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Motivated by recent experiments.

where the self-assembly of ligand-stabilized
nanoparticles
described",

CdSe

at

fluid-Ouid interfaces was

nanoparticles were used to decorate breath
figures in thin polymer

films in a straightforward, one-step process,
combining self-assembly on two length
scales,

which also allows

in situ control

over pore size and separation distance. The

resulting well-ordered arrays of functionalized holes
have potential use in sensor,

separation or catalysis applications"'^"*.

3.2 Experimental

A 7-wt%

solution of polystyrene

1% CdSe

chloroform containing

TOPO

ligands

solution

76 kg mol-1, Polymer Source)

nanoparticles (core diameter: 4.0

was prepared"'^^ To form

was placed on

were allowed

(Mw =

a cover glass in a humidity-controlled chamber, and the solvents

to evaporate at

°C and was measured with

room temperature and 80%

relative humidity.

a digital

Cross-sections of the porous films 50-80

on unstained samples using a

nm

JEOL 200CX

thick

(excitation:

488 nm,

at

30

TEM was performed

LSCM

at

200 kV.

images were taken on

with an oil-emersion objective and Ar-laser excitation

detection:

fluorescence from the

water

were cut using a Leica

electron microscope operated

Laser scanning confocal microscope (LSCM). The

TCS SP2 LSCM

distilled

The

Dickson hygrometer.

Ultracut microtome equipped with a diamond knife. Bright-field

a Leica

stabilized with

the breath-figure structure, a 30-|il drop of the

humidity was controlled using nitrogen bubbled through a flask of

TEM.

nm)

in

CdSe

590 nm). The

nanoparticles

is

optical section thickness

shown

represents the greatest intensity.
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in

is

400 nm. The

a colour scale in which yellow

SEM.
a

LEO

Secondary-electron and cathodoluminescence

SEM

was performed using

1530 Gemini instrument equipped with a field-emission
cathode. The

acceleration voltage

detected

respectively.

The cathodoluminescence was

an angle of 30° over a wavelength range of 185-850
nm.

at

3.3 Results

To

was 0.8 and 7 kV,

and Discussion

assess the standard conditions under which the breath
figures were to be

prepared, conditions were optimized using pure polystyrene solutions
without
nanoparticles.

The parameters

to be adjusted

were the solvent, humidity

in the

and polymer concentration. The influence of these parameters on droplet
separation distance

reference''^'^^''^^''^'.

is

size

chamber,

and

well-established in the literature and was used as

Evaporation of an appropriate solvent decreases the air-liquid

interfacial temperature

below the dew point of water,

resulting in condensation of water

droplets on the polymer solution surface. After nucleation, condensation-limited growth

of the droplets results

in a

into a hexagonal lattice^^.

narrow droplet-size

For our system, a humidity between

polymer concentration between 3 and 10
uniform droplet

size

distribution^^. Subsequently, they order

on the micrometre

condensation. If the humidity

is

wt%

scale.

were found

Low

70%

and

80% and

a

to be necessary to achieve a

humidity does not lead to water

higher, the system disorders due to coagulation of the

rapidly condensing droplets leading to a dramatic increase of the droplet size and size

distribution^^.

casting a

size:

The decorated breath

7-wt% chloroform

4 nm)

in a

figures presented in this

solution of polystyrene with

humidity-controlled chamber at

80%

work were prepared by

l-wt% CdSe

particles (core

relative humidity. Figure 10(A)

and 10(B) are optical micrographs of breath figures generated with and without the
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addition of nanoparticlcs under the same conditions.
characteristics of the breath figures

do not depend on

and, therefore, the parameters that are key

be key

in the

in the

As can be

seen, the size scales and

the presence of the nanoparticlcs

pure polymer film preparation will also

case of the polymer/nanoparticle mixtures. Thus,

we may assume

thai the

droplet growth and particle segregation to the resulting
liquid-liquid interface are two

processes occurring simultaneously without significantly
influencing each other.

if

i
and confocal fluorescence microscope images of brealh figures. (A)
Breath-figure pattern obtained with pure polystyrene. (B) Optical and (C) confocal
fluorescence microscope images of different areas of a sample obtained from solventcasting a polystyrene film from chloroform with CdSe nanoparticlcs. Scale bars: 16|im.
Figure

The

10. Optical

inset in (C)

shows

a fluorescence intensity scan along the line indicated.

Adsorption of suspended particles

at the interface

between immiscible

liquids

has been described previously for particles of micrometer^ ^'^^^ and nanometre^^^^*

size. In

the case of breath- figure formation from a polymer/nanoparticle solution, the condensed

water droplets serve as templates
film

becomes too

for the nanoparticle assemblies.

Before the polymer

viscous, the tri-n-octylphosphine oxide (TOPO)-stabili/ed

CdSe

nanoparticlcs can segregate to the interface and form a uniform layer, as shown

schematically

in Fig.

1

1.

As

the concentration of the polymer/nanoparticle mixture

increases with solvent evaporation, the film passes through the glass transition of the
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polymer

at

room temperature and

locks the droplets and the nanoparticles
into place.

On

evaporation of the water, spherical cavities
remain where the walls are decorated with
the nanoparticles. This permits an ex situ
investigation of the resulting structure. Here,

we
the

is

note that the exact mechanism of breath-figure
formation

mechanism of droplet

stabilization (for example,

is

not fully understood and

polymer or surfactant segregation)

also under debate. Therefore, investigation of the
segregation of fluorescently

probes like the nanoparticles presented here,

may open

mechanisms involved. Nevertheless, such an

investigation

marked

a route to elucidate the

is

beyond the scope of this

work. Figure 10(C) shows a confocal fluorescence microscopic image
of a dried
polystyrene/nanoparticle film.

cavities

shows

cavities, that

The higher

that the particles

is,

at the

fluorescence intensity at the edge of the

have been trapped near the walls of the spherical

polymer-air interface within the holes. The diffuse background

emission originates from nanoparticles dispersed within the polymer

film.

TOPO-stabiliTefl

Figure 11. Cross-sectional diagram of nanoparticle assembly
interface during the breath-figure formation. (A)

A

at

a water droplet-solution

small water droplet condenses onto

the nanoparticle/polystyrene solution and (B) sinks into the film while the particles

segregate to the solution-water interface. There

is

no segregation

to the air-solution

interface. (C) After the evaporation of the solvent and, subsequently, the water, the

nanoparticles are trapped

at

the polymer-air interface, thereby functionalizing only the

surface of the holes.
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To

demonstrate further the interfacial segregation
of the nanoparticles to the

walls of the cavities and to elucidate their
substructure, transmission electron

microscopy (TEM) was performed on

thin cross-sections of the polystyrene
films.

Figure 12(A) represents an overview of a part of
the section. Figure 12(B) and 12(C) are
taken

The

at the

polymer-air interface. In Fig. 12(B), different features
can be distinguished.

bright and sometimes fuzzy edge, which

a cutting

artifact.

The

thin black line

during breath-figure formation
lines

also found in Fig. 12(A),

is

attributed to

attributed to the nanoparticle assembly produced

at the liquid-liquid interface.

The 7-nm thickness of the

corresponds essentially to a monolayer of nanoparticles, as calculated
from the

sum of the
interface

that

is

is

is

is

core diameter and associated ligands. In Fig. 12(C), the polymer-air
magnified.

The CdSe

nanoparticle assembly seems to have formed a film

disrupted and lifted by the cutting procedure during sample preparation for the

TEM investigation.

In addition, the observed wrinkles

may

be due to stress build-up

during solvent evaporation and subsequent shrinkage of the polystyrene matrix.
Nevertheless, single

CdSe

polystyrene substrate.

surface

is liquid-like,

nanoparticles can be seen forming a thin layer on top of the

We assume that the

lateral

exhibiting no long-range order, as found previously in grazing-

incidence small-angle X-ray scattering and

assemblies

at

ordering of the nanoparticles at the

TEM measurements on nanoparticle

oil-water interfaces.
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Figure 12.

TEM

images of cross-sections through the porous polystyrene

film.

(A)

Overview of micro metre- sized holes. (B) Magnification of the polymer-air interface,
where the CdSe nanoparticles can be seen as a thin black layer (arrowed). The inset
shows another spot at the polymer-air interface inside one of the holes. (C) The CdSe
nanoparticles are seen to form a 'film' at the polymer-air interface.
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Figure 13. Secondary electron

SEM and cathodo-

a nanoparticle-decorated breath-figure film.

luminescence images of the surface of
(A)
(B) Secondary-electron SEM

&

images of the surface of the porous polystyrene film. The bright lines show the electron
emission from the CdSe. (C) athodoluminescence image of the same sample. The
enhanced intensity around the edges of the spherical cavities in all the images arises
from the shape of the cavities and a projection of the cavity onto a planar surface,
artificially

enhancing the intensity

at the edges.

Scanning electron microscope (SEM) images also yield evidence
nanoparticles assemble only

at the

water-polymer

interface, that

is,

that the

within the holes,

and not on the remaining surface of the polymer. Figure 13(A) and i3(B) show
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secondary electron images of the sample
surface.

opening of the

bright rim

cavities, originating, as in the
fluorescence

secondary electrons of the CdSe nanoparticles
interface.

A

At low magnification

(Fig. 13(A)),

it

it

appears as

can be seen that within the spherical

appear rough, or there appears

to be an

seen around the

microscopy images, from the

that segregated to the water-solution

uniformly distributed throughout the sample. However,
13(B), inset)

is

at

if

the nanoparticles are

higher magnifications (Fig.

cavities, the walls

of the cavities

uneven distribution of the nanoparticles

in the

cavity walls. This can be attributed to the non-equilibrium
nature of the solvent

evaporation.

It

should also be noted that some of the cavities seem to have
been stripped

of the layer of nanoparticles during sample preparation. This suggests

assembled nanoparticles
different

is

from the polymer

cavities can be

that the layer of

well defined, and has mechanical properties markedly
film,

such that the entire layer coating the walls of the

removed.

To probe

the

CdSe

nanoparticles independently, the cathodoluminescence of the

sample was investigated. As seen

in Fig. 13(C),

found around the edges of the breath-figure

cathodoluminescence

holes.

The

is

predominantly

rings appear fuzzy as particles

not only at the rim but also deeper inside the polymer film become visible, owing to the
larger penetration depth of the

cathodoluminescence

is

7-kV primary

electrons.

It

should also be noted that

not observed from the bottom of the spherical holes. This can

be understood by considering that the signal from a monolayer of nanoparticles would
be too weak to observe, and, due to a projection of the spherical shape of the cavity,
there

would seem

to be a larger

number of particles
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at the cavity

edge.

3.4 Conclusions

In

summary, we have described a process

in

which an array of spherical cavities

can be imprinted into a polymer film where the
walls of the cavities are decorated with

CdSe

nanoparticles. Modification of the ligands attached
to the nanoparticles opens a

simple route to functionalize the surfaces of the
spherical cavities
ligands are

known

in situ.

As

the

TOPO

to be replaceable with several substances
including pyridine, thiol

and phosphoric acid

derivatives^^'^^•^^ ligands having a

wide variety of functional

groups, optimized for the target applications, can be considered
for ex
modification.
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situ surface

CHAPTER 4
-ASSEMBLY AND CROSS-LINKING OF
BIONANOPARTICLES
LIQUID-LIQUID INTERFACES

4.1 Introduction

Self-assembly of nanoscale materials to form
hierarchically ordered structures

promises new opportunities
devices^'^-^^

in optical, acoustic, electronic,

Here we apply our recent findings on

fluid interfaces''-'^^ based

and magnetic materials and

the self-assembly of nanoparticles at

on Pickering emulsions''-'^

to naturally occurring nanometer-

scale structures. Bionanoparticles, such as viruses and other
biological complexes, are
truly

monodisperse

manner

70-73
.

These

mechanism and

and can be functionalized

attributes afford a unique platform to quantitatively investigate
the

studies have focused

on ordered two-dimensional arrays of protein

by spreading and adsorbing proteins on

However, simple routes

to direct

with hierarchical ordering are

immiscible

fluids,

still

required. Here,

nm in

we

into

or

at interfaces^'

2-D or 3-D

(CPMV) was

particles^'"^^""''''''''^'''.

chosen.

80

constructs

use the interface between two

on the surface of droplets, which has been shown

i.e.

virus

surfaces^''"''

and assemble bioparticles

the assembly of colloidal and nanoscopic

cowpea mosaic

in a robust, well-defined

kinetics of self-assembly at the fluid-fluid interface.

Numerous
particles"^"^, i.e.

in size,

As

to be ideal for

a prototype,

CPMV is a non-enveloped plant

virus,

-30

diameter, that can be isolated from infected black eye pea plants in yields of 1-2 g

per kg of wet leaves

.

The

been well characterized

physical, biological,

"
.

It

and genetic properties of CPMV have

consists of an icosahedral protein shell, or capsid,

composed of sixty copies of the two

different types of protein subunits^^'.
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CPMV

remarkably

stable, maintaining their integrity
at

indefinitely at

room temperature from pH

60 °C (pH

3.5 to 9.

7) for at least

CPMV

was

the

first

one hour, and
virus used in

organic reactions and bio-conjugation, and has
been studied extensively as a model

system

80 85
"
.

Multiple orthogonal reactive

under mild conditions, which

is

sites

can be selectively addressed on

CPMV

crucial for the self-assembly studies here.

4.2 Experimental

Generation of Cowpea Mosaic Virus (CPMV): Wild type

Cys mutants, were generated

as reported previously

by Wang's

concentrations were determined by measuring the absorbance

concentration of 8.0

mg/mL

gives a standard absorbance of

wt-CPMV

molecular weight of the

virion

Fluorescent Labeled Wild Type

is

CPMV (10 mg)

After incubation at 4 °C for 24

ultracentrifugation at 42,000

resuspension

in

was

typically

intact particles. Dialysis

membrane (from Pierce)

Dye

in

over 4

a 1.0

60-80%;

at

1.0).

260

nm

(a

The average

DMSO (2 mL) was introduced into

cm high

all

remove

pH =

sucrose cushion, followed by

pH =

7.0).

The recovery of

such samples were composed of

performed with 10

kD

>95%

cut-off

the remaining unreacted organic reagent.

loadings were obtained by measuring absorbance at Xmax with available molar

absorptivities.

On

7.0).

mixture was purified by

L of buffer was

in order to

group.^'"^^ Virus

potassium phosphate buffer (8 mL,

potassium phosphate buffer (2 mL,

derivatized viruses

CPMV

CPMV (carried out by Wang's group): A

h, the reaction

rpm over

and

5.6 x 10^ D.

solution of A^-hydroxysuccinimide ester (5 |imol) in

a solution of wild type

CPMV,

average, 60 dye molecules were loaded onto one viral particle.
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Biotin-Fluorescent Dual Labeled

A

group):

solution of biocytin maleimide
(5 ^mol) in

into a solution of

pH =

CPMV Cys Mutant

CPMV Cys

mutant^^ (10 mg)

6.0). After incubation at

ultracentrifugation at 42,000

4 °C

for

rpm over

24
a

in

DMSO

dissolved in potassium phosphate buffer
(2 mL,

(2

by Wang's

mL) was introduced

potassium phosphate buffer (8 mL,

h, the reaction

LO cm

(carried out

mixture was purified by

high sucrose cushion. The pellet was

pH =

7.0) to afford,

which was then

reacted with A^,N,iV',N'-tetramethylrhodamine, in
similar fashion as wild type

The recovery of derivatized
composed of >95%

kD

viruses

was

typically

intact particles. Dialysis over

Snake-skin Dialysis membrane (from Pierce)

unreacted organic reagent.

Dye

45-60%;

L

4

in

all

CPMV.

such samples were

of buffer was performed with 10

order to remove the remaining

loading was obtained by measurement of absorbance

at

^max with available molar absorptivities. The loading of biotin was determined by a
parallel reaction with 5-maleimidofluorescein. In a typical reaction,
about

60 dye molecules can be loaded

to

one

30

biotin

and

viral particle.

Assembly and Cross-linking: The assembly experiments were conducted with
fluorescently tagged wild type

diluted 20 times with

CPMV. The CPMV

O.IM potassium phosphate

solution.

0.03mL

particles

were allowed

perfluorodecalin were added to

to

assemble for 2-3 hrs

at

stock solution

buffer

(pH

0.3mL

(~5mg/mL) was

7.0) to give a

CPMV

solution and the

4°C. After that 15|iL

50%

glutaraldehyde in water was added to crosslink the virus particle assembly

hrs.

CPMV-biotin assemblies were prepared

avidin (30piL of

2mg/mL

stock solution

in the

0.25mg/mL

at

4°C

for 3

same way and crosslinked with

at 4*'C for 3hrs). In all cases, after crosslinking,

excess particles in the buffer phase were removed by subsequent washing with water.
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Laser Scanning Confocal Microscope
(LSCM): The

microscope images were taken on a Leica
laser excitation.

The fluorescence from

tagged streptavidin

shown

is

in a

TCS SP2 LSCM

laser

scanning confocal

with Ar-laser and

HeNe-

the virus nanoparticles or the
tluorescently

color scale in which brightness represents
the

intensity.

Tensiometer Measurements: The changes
bionanoparticle solution and the

an

oil

in interfacial tension

phase were determined

OCA 20 Dataphysics pendant drop tensiometer with

at

between the

room temperature

using

video camera for drop image

processing, which allows rapid drop image acquisition,
edge detection, and

fitting

of the

Young-Laplace equation.
Scanning Force Microscopy (SFM):

SFM

images were taken on a Digital

Instruments Dimension 3100 microscope operated

Tapping

in

Mode™

(free

of the cantilever = 20 nm, amplitude set point = 0.98). The standard silicon
probes were driven

at

3

nitride

% offset below their resonance frequencies in the range of

250-350 kHz. Height and phase images were taken
6

amplitude

at

scanning speeds of around

|Lim/sec.

Small- Angle Neutron Scattering (SANS):

SANS

experiments were carried out

at

the time-of-flight small-angle neutron diffractometer (SAND)^'^'^^ at the Intense Pulsed

Neutron Source (Argonne National Laboratory, Argonne,
wavelengths of 0.9-14
data in the

A at a

IL), using neutrons with

sample-to-detector distance of 2.0 meters.

Q range of 0.0035-1.0 A

'

in a single

measurement, where

neutron wavelength X and the scattering angle 20 by Q=47t

measured

in Suprasil

sample

cells with a path length
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of 2

sin 0/ X.

mm. The

Q

SAND provides
is

related to the

The samples were
data for each sample

were corrected

for the instrumental background,
solvent scattering (for dispersed

bioparticles only; not for the bioparticle
coated micro-emulsions), and detector

nonlinearity and placed on an absolute scale.

Synchrotron Small- Angle X-ray Scattering
(Synchrotron-SAXS): Synchrotron-

SAXS

measurements were performed

ID 15 beamline

at the

Source (Argonne National Laboratory, Argonne,

IL).

.

A Bruker CCD

detector,

housed

in a

Advanced Photon

The operating beam energy was

12.5 keV, corresponding to a peak wavelength of 0.1 nm.

[im

at the

The beam

size

was 300 x 300

m evacuated flight tube, was used to

2

acquire 1024x1024 pixels images with typical exposure
times around

1

second.

Force Spectroscopy (carried out by Fery's group): The (Atomic Force

Microscope)

AFM force spectroscopy studies were performed by Fery's group at Mainz

with a Molecular Force Probe (Asylum Research, Santa Barbara,

CA) mounted on

an

inverted optical microscope (Zeiss Axiomat 200, Zeiss, Oberkochen, Germany).
This

combination enabled us

to position the

AFM tip on the area of interest of our sample,

in

our case directly on the top of the emulsion droplets, as well as perform simultaneous
quantitative microinterferometry

probing the droplets,

we used

(RICM) experiments^^

Instead of using a sharp

the colloidal probe technique*^^'^^ which has the advantage

of providing a defined and reproducible contact geometry and avoids membrane

due

to tip penetration

of a sharp

tip.

We

used some

Estonia) of nominal spring constant of 0.08

tipless cantilevers

N/m on which

300). Before mounting the cantilevers on the

Scientific Corporation,

AFM

NY)

35

failure

(Micromash,

glass beads of

(Polysciences Inc., Warrington, PA) were fixed using epoxy glue

(PDC-32G, Harrick

tip for

30

to

50

jiim

(UHU Plus endfest

head, they were plasma cleaned

for

1

min

at a

pressure lower than

1

mbar. The force constant for each
cantilever was calibrated by
using the Saders^'-^^

method and measuring
Experiments

(at

the thermally induced motion
of the unloaded cantilever^^'^^,

~23°C) were typically done

at

imposed displacement

rates of

300

nm/sec.

4.3 Results

and Discussion

Wild type

CPMV

(wt-CPMV) was

labeled covalently with the fluorescent

Oregon Green 488, A^,MAr,Ar-tetramethylrhodamine,

as described previously.^'

Perfluorodecalin droplets with diameters from 10 to 100
microns were obtained by
dispersing perfluorodecaUn in an aqueous buffer solution
of fluorescently labeled

CPMV. The CPMV

particles segregated to the perfluorodecalin- water
interface,

stabilizing the dispersion of the oil droplets. Figure 14(A)

confocal microscope image of perfluorodecalin droplets
buffer solution, where the wt-CPMV-particle assemblies
clearly seen

by the intense fluorescence

background

in the

aqueous phase

arises

at the droplet

from excess

shows a fluorescence

in a

0.25

at the

mg/mL wt-CPMV

droplet interface are

boundaries.

The

fluorescent

virus particles in the buffer.

The

adsorption kinetics of the assembly process has been monitored with a pendant drop
tensiometer.

As shown

in

Figure 14(B), the particles assemble

at the

oil-water interface,

leading to a reduction in the interfacial energy between the two phases, which stabilizes
the oil-water dispersion. Tensiometry measurements under different bionanoparticle

concentrations in the aqueous buffer phase suggest a characteristic timeframe for the

assembly

to reach

monolayer adsorption.
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Figure

(A)

Confocal fluorescence microscope image of CPMV
assembly at
perfluorodecalin droplets in water. (B) Pendant drop
tensiometer data (interfacial
14.

tension versus time) for adsorption of

mg/mL CPMV

in

potassium phosphate buffer)

For small angle neutron
(1.80 mg/ml) in 100

SANS

CPMV

scattering

data from dispersed

from

(SANS)

CPMV

bioparticles,

SAND

is

analysis, a stock solution of

and

consistent with the structure of

fitting

at

pH

7.0

CPMV

was prepared.

shown

in Fig. 15. It is

by a monodisperse system of

nm and

a wall thickness of 2.9±0.1

CPMV previously studied by Johnson
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(0.5

with the spherical shell form

instrument, are

Fig. 15 that the data are well described

spherical shells with an inner radius 10.7±0.I

which

to

mM potassium phosphate D2O buffer

factor and the resolution function for the

clear

from buffered water phase
perfluordecalin drop interface.

particles

et.

nm,
af^.

Figure

15.

Small angle neutron scattering data of

with a spherical shell

For

CPMV

D2O

buffer along

fit.

CPMV particle assemblies at interfaces,

perfluorodecalin

particles in

was added

10 volume-percent of

to the bioparticle buffer solutions (5 times diluted

stock solutions using buffer) in a

D2O/H2O

from the

mixture to contrast match the scattering

from the perfluorodecalin, and shaken vigorously by hand

to generate a micro-

emulsion. The solvent mixture consists of a composition of 0.313:0.687 by volume

based on the scattering length density of perfluorodecalin 4.18 x lO"^ cm"' calculated
using the neutron scattering lengths of

atomic composition and a density of

its

1

.908

g/cm^

The micro-emulsion samples were

freshly prepared and kept at 6 °C for 4 hours

for the interfacial assembly to attain equilibrium. Then, the bionanoparticle-coated

droplets were accumulated, loaded into 2

8 ^'C over 24 hrs.

mm sample cells, and SANS data collected at

The background corrected SANS data

Fig. 16(A) exhibits a

for the

power law dependence of the form/(^)oc
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CPMV assemblies
(2'^-^^"

in

^\ as shown by

the solid Ime at low
Q,

where

angle 26 by the expression

bionanoparticle assembly

Q is related to the neutron wavelength X

Q = 4;rsin 61 A

The average

.

at the interfaces

thickness

t

and the scattering

of the

can be measured using a modified
Guinier

approximation for sheet-like structures

Using equation

[1], the

ln(i2'/(2)) vs.

in

thickness factor R, can be determined from
the slope of

an appropriate

Q region where

Q,,^-R,

<

0.6 and the thickness

t

can be derived using

t=<12-R,

The modified Guinier

analysis of the

SANS

data for the

CPMV assemblies,

Fig. 16(B), demonstrates that the bioparticle assemblies at the
interfaces

perfluorodecaHn and

H2O/D2O

are sheet-like with

t

=

16.5

±

1.8

shown

in

between

nm. This suggests

that

CPMV forms a monolayer at the interfaces, assuming a uniform scattering length
density for the sheets.

It

should be noted that no pronounced inter-particle correlations

were seen. At the loading of virus

particles used, the smaller average thickness

absence of a peak indicate the low coverage of the virus particles
interface.
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at the oil

and the

and water

Figure 16. Small angle neutron scattering data
of (A) CPMV particle assemblies
mterfaces between perfluorodecalin and buffer solutions

at

with volume fraction ratio
0.313:0.687 to contrast match the perfluorodecalin. (B)
Modified Guinier
analysis of scattering data from the
assemblies at interfaces. The linear fit to the
slope in a
region where Q^ax-Rt < 0.6 provides the thickness

H20:D20 =

CPMV

Q

thickness

t

To

factor R,

of the shell was derived using

t

=

lock the assembly into place, the

from which the

^\2-R,.

wt-CPMV

water-oil interface at 4 °C for 3 hrs, by adding -2.5

particles

wt%

were crosslinked

glutaraldehyde into the water

phase. Figure 17(A) shows a fluorescence confocal microscope image of a

reconstruction of

wt-CPMV

removal of excess

at the

3D

coated perfluorodecalin droplets after crosslinking and

CPMV particles in the buffer phase by washing with water.

inferred

from the image

linking,

and the resulting capsules are not distorted

that the integrity of the

assembly
in

is

It

can be

preserved following cross-

shape (see

inset).

removal of the water and perfluorodecalin disrupts the crosslinked virus

Complete
shell.

Upon

rehydration with buffer solution, crumpled shells are observed as shown in Fig. 17(B).

It is

likely that the perfluorodecalin evaporation

and the

resulting vapor pressure

crushed the capsule. Nevertheless, these data show that the crosslinking reaction
occurred. Figure 17(C) depicts a spherical cap generated by the assembly and

subsequent crosslinking of

on a

wt-CPMV

particles

around a perfluorodecalin droplet

sitting

glass slide. After complete evaporation of the solvents and washing with buffer and
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water, the cap folded backwards, revealing
distinct wrinkles on the surface.

To

determine the thickness of the crosslinked virus
particle assembly, several scanning
force microscopy

(SFM) images were taken

inset of Fig. 17(C) indicates the spot

at the

where the

edge of the back folded cap. The

SFM image

in

Figure

3D was

taken.

Cross-sectional analysis, averaging over 256 scan lines,
yields a step height of

29 ± 2 nm. This
28

-

32

is

consistent with a monolayer formed by the virus
particles of

nm diameter.

concentration of

Even though

the crosslinking

is initiated

from the buffer phase, the

CPMV particles adsorbed at the interface is much larger than the

concentration of residual particles in solution, leading to a preferential
crosslinking
the water-oil interface.

The low

further control over the process.

crosslinking, closely

at

reaction temperature and slow rate of reaction provides

The

SFM image in Figure

packed individual

17(D) shows

that,

even

after

CPMV particles can be distinguished. Thus, the

glutaraldehyde reaction induced crosslinking and produced well-defined, robust,
crosslinked virus particles assemblies.
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Figure

17.

Confocal

fluorescence

with

glutaraldehyde.

crosslinking

microscope
(A)

3D

image

of

CPMV

assembly

after

reconstruction

of
virus-coated
perfluorodecalin droplets in water (inset: cross-sectional view). Excess particles have
been removed by successive washing with water. (B) Crumpled droplet after complete
drying and rehydration with water. (C) Capsule cap after complete drying. The white

box indicates the area at which
shows height profile on top of

SFM

scan in (D) was taken. The lower part of (D)
the collapsed capsule (image width 2 ]Ltm, z-range: 30
the

nm).

An even

higher level of control over the cross-linking reaction can be achieved

using biotin/avidin binding.

provide orthogonal reactive

groups of the inserted

A cysteine-inserted CPMV mutant
sites,

was employed

namely amino groups of the native

cysteines^^'^'. Biocytin

lysines

to

and

thiol

maleimide was used to address the surface

cysteines of the virus, followed by fluorescent labeling at the lysine moieties to afford

doubly labeled

particles.

Avidin has four binding

controlled crosslinking of the biotin modified

18(A) shows a

3D

sites for biotin,

which allows a well-

CPMV particles at interfaces. Figure

reconstruction of a series of fluorescence confocal microscope
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images of the CPMV-biotin assembly around
perfluorodecalin droplets crosslinked with
avidin for 3 hrs at 4 °C. Comparable to
the glutaraldehyde crosslinking,
no desorption

of the virus particles

is

observed after removal of the excess particles
by successive

washing with water. Moreover, the

integrity of the capsule shell

is

retained after the

reaction. Nevertheless, evidence for cracks and
holes can be found in

The crack
shell.

characteristics of the capsules in the lower

left

comer

some of the

shells.

are typical for a solid

Figure 18(B) shows a two channel confocal fluorescence
microscope image of

particle assemblies after crosslinking with fluorescently
tagged streptavidin. In addition
to the labeled particle fluorescence (seen as yellow),
fluorescence

Streptavidin

is

the crosslinked

first

seen

at the interface as red.

CPMV-biotin

shell

from Atto-655-

Small angle x-ray scattering (SAXS) data of

around the perfluorodecalin droplets exhibit a weak

order shoulder which corresponds to a d-spacing of 33 ± 3 nm, as shown

18(C).

A

second order could not be resolved. This

agreement with the virus

particle diameter of

28

-

in

Figure

interparticle correlation distance

32 nm.

is in

We note that SFM

experiments, identical to those performed with the glutaraldehyde crosslinking, yielded
shell thicknesses in

agreement with the expected
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CPMV

monolayer dimension.

Figure 18. (A)

3D

reconstruction of confocal fluorescence microscope image of
biotin coated perfluorodecalin droplets after crosslinked by avidin for 3 hrs

CPMVat

4°C.

Excess particles have been removed by successive washing with water. (B)
channel confocal fluorescence microscope image of particle assemblies

Two

crosslinking with fluorescently tagged streptavidin: Channel
the

CPMV-biotin fluorescence. Channel 2

streptavidin fluorescence. (C)

SAXS

1

(yellow,

left

side)

after

shows

shows the ATTO-655data of the crosslinked CPMV-biotin shell around
(red,

right

side)

the perfluodecalin droplets.

The mechanical
investigated using

properties of these cross-linked bionanoparticle assemblies were

AFM force spectroscopy. A molecular force probe AFM mounted on

an inverted Olympus 1X71 microscope (described
effectively apply the

in detail previously^^)

was

used.

To

AFM force spectroscopy technique to the oil droplets in a water

matrix, the droplets were allowed to settle to the bottom of the observation chamber and

attach to the polyallylamine coated glass substrate.

relative to water

The high

density of perfluoroctane

promotes rapid sedimentation, and the polyallylamine coating

promotes droplet adhesion. Force-deformation measurements were performed on the
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droplets with both non-crosslinked and
crosslinked particle assemblies using

glutaraldehyde.

with the

set

of force-deformation data

is

shown

in Fig. 19(A),

These clearly indicate

that crosslinking of the bionanoparticle
assemblies

the surface of droplets results in an increase
of the droplet stiffness.

stiffness

is

The

droplet

determined by measuring the slope of the force
deformation curves

linear regime.

along

of the droplet stiffness measurements for
a large number of droplets

statistics

(Fig. 19(B)).

on

A typical

We

in the

note that the deformation behavior of the nanoparticle
assemblies

not only determined by

membrane bending and

tension of the particle covered interface.

A

stretching, but also

model

data in terms of effective surface tension and

by the surface

that quantifies the force

membrane

is

stiffness are

deformation

under

development.

20

15

10

400

-200

200

400

Deformation (nm)

Droplet Stiffness (pN/nm)

Figure 19. (A) Typical force-deformation curve for a droplet of similar size without
crosslinking (in blue), and with crosslinking (in red) of particles assemblies. The slope

of the linear
line)

fit

of the force deformation curves

corresponds to the droplet

stiffness.

in the linear

regime

(in

broken black

(B) Statistics of the droplet stiffness for a large

number of measurements: non-crosslinked

(in blue); crosslinked (in red).
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4.4 Conclusions

In

summary,

monolayer

at the

it

has been

shown

that

CPMV nanoparticles self-assemble as a

perfluorodecalin-water interface. These
close-packed assemblies were

successfully crosslinked using

two

These reactions did not disrupt the

different well-defined crosslinking
chemistries.
integrity of the virus particle
assemblies, but rather

strengthened the assembly by formation of a robust
membrane with covalent
bionanoparticle connectivity.

The crumpling of the capsules

mechanically robust membranes of crosslinked
at fluid-fluid interfaces

to the particles for

CPMV. The

inter-

points to the formation of

assembly of these particles

opens easy pathways to applications, while maintaining
access

chemical functionalization.
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CHAPTER 5
-DIRECTED SELF-ASSEMBLY OF
NANOPARTICLE/COPOLYMER

MIXTURES

5.1 Introduction

Increasing attention has focused on the
organization of inorganic nanostructures

within self-assembled organic or biological
templates'^^"^ to produce functional hybrid
materials. Efforts have concentrated

properties"

on

tailoring electrical, magnetic or
photonic

using the self-assembled organic scaffolds"^-"^-"^
to spatially arrange

nanoscopic elements within a material. Recent theoretical
arguments'

suggest that

synergistic interactions between self-organizing
particles and a self-assembling matrix

material can lead to hierarchically ordered structures. Here,

we show

that mixtures

of a

diblock copolymer, that microphase separates into cylindrical
domains tens of

nanometers

in size,

with nanoparticles, which assemble on the nanometer size scale,

exhibit a co-operative, coupled self-assembly. In thin films, the
copolymer morphology
dictates the spatial distribution of the nanoparticles, while the segregation of
the

nanoparticles to the interfaces mediates interfacial interactions and orients the
cylindrical

domains normal

to the surface, even

when one of the blocks

is

strongly

attracted to the substrate. Mixtures of a lamella-forming diblock copolymer with bio-

nanoparticles

show

similar behavior, underscoring the generality of the findings.

synergy between these two assembly processes leads
that are self-orienting

to an array of

The

nanoscopic elements

and self-assembling, without the use of external

fields"^''^^,

opening a remarkably simple route for fabrication of nanostructured materials with
hierarchical order.
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5.2 Experimental

Sample Preparation.

M.(P2VP) =

kg/mol,

CdSe

wt.-% solutions of PS-/>P2VP
(Mw(PS) = 55

18 kg/mol Polymer Source Inc.)

nanoparticles (core diameter: 4.0

(TOPO) were
its

3 and 5

prepared^'^•"^ 150

nm)

- 600 nm

toluene containing

1

wt.-%

stabilized with tri-«-octylphosphinc
oxide

thick films of the pure block

copolymer and

mixture with the CdSe nanoparticles were spin
coated on polished silicon wafers.

Prior to use, the Si wafers were treated with a

subsequently rinsed

in

The

films

days, placed in supercritical fluid

exposed

to

were

chloroform vapors overnight

kg/mol Polymer Source

Inc.) in

The

crystals

("snow jet™") and

psi,

170°C under vacuum

ferritin

for 2

70°C) environment for 2 days, or

room temperature.

at

(Mw(P2VP) =

14 kg/mol,

Mw(PEO) =

water containing 0.5wt.-% pegylated

nanoparticles were prepared. 200 - 400

mixture with the pegylated

either annealed at

CO2 (2500

3 wt.-% solutions of P2VP-/7-PEO

wafers.

beam of CO2

organic solvents (chloroform and toluene) to
remove any organic

residues from the surface.

its

in

nm

21

ferritin

thick films of the pure block

copolymer and

nanoparticles were spin coated on polished silicon

films were annealed under saturated benzene vapors for 3 days at

room

temperature.

Scanning Force Microscopy (SFM).

SFM

images were taken on a Digital

Instruments Dimension 3100 microscope operated

of the cantilever = 20 nm, amplitude
probes were driven

at 3

set point

=

in

Tapping Mode^'^

0.98).

The standard

(free

amplitude

silicon nitride

% offset below their resonance frequencies in the range of

250-350 kHz. Height and phase images were taken
6 iim/sec.
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at

scanning speeds of around

Grazing Incidence Small Angle
X-ray Scattering (GISAXS).
The
experiments were performed

at the

1-BM beamUne

Argonne National Laboratory, Argonne,
Images were recorded using a
pixels

IL.

at the

Advanced Photon Source,

The operating wavelength was

1.05 A.

MAR CCD camera with a frame size of 2048 x 2048

mounted behind a helium-flushed

flight tube.

Scanning Electron Microscopy (SEM).
Secondary electron

on unstained samples using a

GISAXS

LEO

1530

field

emission

SEM

SEM was performed

with a lateral resolution of

approximately 3 nm. For the images taken with the
secondary electron detector, the
acceleration voltage

was IkV or 3kV. For

detector the acceleration voltage

Oxygen Plasma

Etching.

was 5kV.

The plasma etching was performed using

Plasma Cleaner PDC-32G operated
etching rate for

to

be

1 1

the images taken with the backscattering

at

60W with an oxygen pressure of

PS and PVP was monitored

nm/min and 13 nm/min,

nanoparticle-rich

PVP

using

in the

mbar. The

homopolymer blends and was found

respectively. For the

microdomains

1

a Harrick

PS microdomains and CdSe

mixture of diblock

copolymer/nanoparticles, the oxygen plasma etches approximately

at the

12 nm/min. The samples were exposed to oxygen plasma from 1.5

to several minutes,

with a controlled etching depth from 15

images were taken

to

nm to

same

200 nm. After each etching

step,

rate of

SEM

monitor the microstructure and chemical composition inside the

thin film'

5.3 Results

and Discussion

Block copolymer/nanoparticle

films

were prepared by spin coating toluene

solutions of a mixture of 3 or 5 wt.-% polystyrene-/j/c»cA:-poly(2-vinylpyridine)
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copolymer, denoted PS-Z,-P2 VP, and

covered CdSe nanoparticles (4
thick films

at

70°C, or

in

wt.-% tri-n-octylphosphine oxide-(TOPO)-

nm diameter)

were annealed thermally

environment

1

at

onto silicon wafers. The 150 - 600

170°C under vacuum,

chloroform vapors

Each treatment imparts mobility

at

in a supercritical fluid

room temperature

to the thin film mixtures, allowing

equilibrium morphology within ~2 days.

We

note that the

nm
CO2

(see supplemental).

them

to attain an

TOPO-covered CdSe

nanoparticles are stable at the temperatures used such
that aggregation caused by ligand
disassociation

was not observed. Films of the pure diblock copolymer and

copolymer mixed with

TOPO

were prepared and used

the block

as controls to assess the influence

of the nanoparticles on the thin film behavior.
Figure 20(A) and 20(B) show scanning force microscopy (SFM) height
and

phase images of a 400

nm thick PS-^-P2VP

array of microphase-separated domains of

in

previous investigations '^^''^^

is

seen.

film spin coated from toluene and dried.

P2VP

in

a

PS

The phase image maps onto

two days, the equilibrium morphology of the polymer,

P2VP

in

a

Fig. 20(C)

the block

of

P2VP

matrix, similar to those found

the height

from the topography of the sample. Upon thermal annealing

variations

PS

An

i.e.,

cylindrical

at

170 °C for

microdomains of

matrix, develops. All surface features arc lost upon annealing, as seen in

and 20(D).

We note here

copolymer and

TOPO

that the control

showed

the

samples composed of mixtures of

same behavior. The

preferential interaction

with the substrate and the lower surface energy of PS force an orientation of

the cylindrical microdomains parallel to the substrate. Incommensurability between the

film thickness and period of the copolymer leads to the formation of islands and holes

on the surface with a

step height of one period. These features are macroscopic in size
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and, otherwise, the copolymer film

is

smooth and

structural features

on the nanoscopic

level are absent '^^ '^^

Figure 20.

500

nm

500

nm

200

nm

20)
200

nm

SFM

topography and phase images of thin films from pure PS-^-P2VP block
copolymer and PS-Z?-P2VP/CdSe nanoparticle composites. SFM topography (A/C) and
phase images (B/D) of a PS-Z?-P2VP block copolymer film taken after spin coating
(A/B) and after thermal annealing at 170°C for 2 days (C/D). Z-range: 10 nm, 20°.

With
behavior

is

the block copolymer/nanoparticle mixtures, a completely different

observed. Figure 21(A) and 21(B) show the

An

of the as-spun sample.
the pure PS-Z>-P2VP,

is

SFM

height and phase images

array of microphase-separated domains, identical to that of

seen.

However,

after thermal annealing (Fig. 21(C), 21(D)),

hexagonally ordered features are found on the film surface. The very pronounced phase
shift indicates that the

hard nanoparticles have been incorporated into the

The hexagonal packing suggests

P2VP

that the addition of nanoparticles has caused an
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phase.

orientation of the cylindrical

transformation of the

SFM

domains from 320±20

SAXS

P2VP microdomains

images, a change

A to 480±20 A is

normal to the substrate. From Fourier

in the lattice

spacing of the cylindrical

seen upon annealing which

is

consistent with

data obtained from the bulk samples. This indicates
that the system has reached

equilibrium. Similar surface features were also found for films
that were annealed in
supercritical fluid

CO2

experiments are shown

or chloroform vapor. The
in Fig.

SFM

images from these

latter

21(E) and 21(F). Depth profiles obtained by sequential

SEM images of oxygen plasma etched samples showed a hexagonal array of
microdomains oriented normal to the film surface
supplemental). The above results indicate

microdomains reorient

to

that,

that persisted throughout the film (see

given sufficient mobility, the

form hexagonally packed

normal to the film surface and substrate

cylindrical

interface. This result

independent of film thickness. Consistent with the results of
ordering

was observed upon

solvent vapor annealing''".
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microdomains oriented

was found

Kim

et al,

to be

enhanced

lateral

Figure 21.

SFM

from PS-Z)-P2VP/CdSe
topography (A/C/E) and phase images (B/D/F) of films

topography and phase images of

nanoparticle composites.

SFM

thin films

prepared from a mixture of PS-^-P2VP block copolymer and CdSe nanoparticles. (A/B)
structure of an as spun film. (C/D) A film after thermal annealing at 170°C for 2 days.
(E/F)

A

film after annealing in saturated chloroform solvent vapor for

10 nm, 20°.
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1

day. Z-range:

Figure 22 shows a series of etching
experiments imaged with different detector
types.

Images (A-C) are taken with a secondary
electron detector

at

3

kV and show

the

persistence of an array of hexagonal microdomains
on the surface with an etching depth

of 0, 70 and 135nm, respectively. The higher electron
yield

PVP cylinders.

of CdSe inside the

is

consistent with

attributed to the

assembly

In addition, the backscattering images
(D-F) reveal

that there exists a large electron scattering contrast

(PS) which

is

PVP cylinders

etching depth, the observed ordering

is

between the cylinders and the matrix

being the CdSe-rich phase. At larger

disturbed mainly due to the surface roughness

originating from the isotropic etching characteristics of the oxygen
plasma.

Nevertheless, these real space results on the microdomain orientation clearly
support the

data obtained from

GISAXS

and

TEM,

i.e.

that the cylinders are CdSe-rich

and oriented

perpendicular to the film surface and substrate interface.

A

B
-

1

1
1

Figure 22. A-C:

SEM

electron detector at
steps: (A)

images of PS-^-PVP/nanoparticle film taken with secondary
3kV acceleration voltage after subsequent oxygen plasma etching

Onm, (B) 70nm and (C) 135nm etching

depth. Image size:

1

fim x 1/xm. D-F:

images of PS-Zj-PVP/nanoparticle film taken with backscattering detector at 5kV
acceleration voltage after subsequent oxygen plasma etching steps: (D) Onm, (E) 20nm

SEM

and (F) 70nm etching depth. Image

size:

1

/xm x l/xm.

54

To

better understand the morphological
changes in the thin film blend,

carried out grazing incident x-ray small
angle scattering

we

(GISAXS) measurements

before (Fig. 23(A)) and after (Fig. 23(B)-(D))
thermal annealing. After spin-coating,
a

weak

but readily observable in-plane scattering
peak

at

0.0196

A

'

indicates the initial

ordering of the diblock copolymer with a
d-spacing of 320 A. The average separation
distance between the particles

annealing

too large to be observed (inset to Fig.
23(A)).

is

170°C, the nanoparticles preferentially segregate
to the cylindrical

at

microdomains where the

lateral

A

'

corresponding to the

with a d-spacing of 480 A. This

SAXS. The
details

is

and
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observable.

A

thin film

of a 2-D hexagonal

A to

in Fig.

lattice

pronounced (shown

as the incident angle

in Fig.

23(D)

A

series of incident angles

was measured

to be 0.11°) v^ere

penetration into the film.

full

(1 0)

is

at 0.12°),

and

(1 1) scattering

slightly

above

6c,

only the

= 0.0376

(1 0) reflection is

suggesting a slight reduction

nanoparticle concentration within the film. This

at

Be,

peaks are clearly

hexagonal ordering and scattering contrast of the microdomains due

where the qyline-scans

Below

used

23(B) and 23(C), when the x-ray penetration

and 61 A, respectively, the

As soon

morphology.

critical angle, 0c,

from 44

0.08° and 0.09°), as shown

is

1) reflections

(1

0.013 1 and

consistent with the structure observed in the bulk by

on the depth dependence of the

to achieve penetration depths

depth

(1 0)

at

x-ray penetration depth can be controlled by the incident angle,
providing

ranging from 0.04° to 0.12° (the

(e.g.,

P2VP

ordering of the microdomains has improved.

Consequently, two orders of the in-plane diffraction peaks are
seen

0.0227

Upon

A"' (qy

is

and

seen more clearly

being the

normal to the diffraction plane and normal to the sample
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in the

to a decrease in the

in Fig.

momentum

23(E)

transfer

surface, respectively) are

shown

at

four incident angles, corresponding
to penetration depths
of 44, 54, 73

A

and

the full film thickness, respectively.
In addition, the spatial
correlation of the

nanoparticles

is

characterized by the "shoulder" in
the data

- 0.1

at

A

',

corresponding to an average distance between
the nanoparticles of -60 A,
as would be

expected for a closely packed nanoparticle
the nanoparticles

GISAXS.
qy

=

is

low and the average

array.

We

note that the bulk concentration
of

inter-particle distance

too large to be seen by

Since the nanoparticles are closely
packed and the scattering "shoulder" near

0.1 A-' can be seen, even at very low incident
angles

only a fraction of the nanoparticle
the air/film interface. Fig. 23(F)
transfer at q^
in Fig.

is

= 0.0131

23(F) can be

fit

A

size, then the nanoparticles

shows

line-scans as a function of the

(the (1 0) plane)

A detailed analysis

momentum

for different incidence angles.

SFM data,

cylinders at the air surface.

is

provided

in the

The curves

P2VP

supplemental material.

these results indicate that the nanoparticles cap the

GISAXS

P2VP

investigation on the solvent annealed samples

yielded similar results.
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is

must be concentrated near

to obtain the spatial location of the nanoparticles
in the

cylinders quantitatively.

Together with the

'

where the penetration depth

Figure 23.

GISAXS

data on the thin film of PS-b-P2VP/CdSe nanoparticle
composites
Experimental data from GISAXS measurements: (A) data
from a freshly spin-coated
thin film of the diblock copolymer and
nanoparticles at incident angle of 0 06° with a
penetration depth of 44 A; (B) from a thin film
(0.08^ 54 A) thermally annealed for 2
days at 170°C; (C) from same annealed film (0.09°, 61 A);
(D) from same annealed
film (0.12°, ftill thickness); (E) qy-line-scan at qz =
0.0376 A-1 at four different x-ray
incident angles, 0.05°, 0.08°, 0.10° and 0.12°, with penetration
depth of 44 A, 54 A, 73
A, and full thickness, respectively; (F) qz-line-scan along the first-order
peak (1 O)'for
the four incident angles. The critical angle of the thin film is
measured to be 0.11° and

qy and qz are the momentum
sample surface.

transfers

normal

57

to the diffraction plane

and normal to the

Grazing-incident x-ray small-angle scattering

(GISAXS)

data (Fig. 23) can be

analyzed quantitatively to reveal the location of the
nanoparticle aggregates with respect
to the

P2VP

above the

cylinders. Since the data are collected at
various incident angles

critical

angle of the thin film

(0. 11°),

below and

depth-dependent information can be

obtained. For example, Figure 23(F) shows the
qz-line-scan curves as a ftinction of

moment

transfer at the

peak

(1,0) (q^

= 0.0131

A"^) for different incidence angles. In

order to obtain quantitative information about the distribution
of nanoparticles within

P2VP cylinder phase

(i.e.

the length of the nanoparticle rod within

curves in figure 23(F) can be

fit

PVP

cylinder), the

using the following formula based on distorted-wave

Bom approximation^
l{q)

Ap

is

oc

{^pfy.\E{af x\E{pf

x|F,(^)|' x|5, (^)|x|f,(^)|'

(8)

the electron density difference between the matrix and the nanoparticles.

a

and P

are the incidence and exit angles defined with respect to the surface. E(a) and E(p) are
the transmitted and reflected electrical field amplitudes arising from dynamical effects.

Fs(q)

is

the

form factor of spherical nanoparticles and can be defined
sin( qR^ ) - qR^ cos(qR^ )
= 4^R: -"W^v..^
r:-^^-^^ ,^^i-iq^R^ )

as:

3

(q)

where Rs

Fc(q)

is

the

is

(9)

the average radii of the nanoparticles and

form factor of cyhnders and

F.(,)^2;r/?>

is

defined as

'-^^-^-^^^"^^-^^'^
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21
:

exp(-/,.///2)

(11)

)

where R,
cyHnders, Ji(x)

the average radii of the cylinders,

is

the

is

2

first

H

is

the average height of the

order Bessel function and

2

,

(12)
Ss(q)

is

the structure factor of spheres and

Where d

- 2 exp(

is

of the distribution

-

defined

as:

1

1

1

is

(13)

cr/ ) cos(^^/ ) + exp( -2^ ' cr/-

the average separation between the nanoparticles and aj

average separation

in the

is

the width

d.

10=

10'

^

10^

(A

C
10^

I

10'

0 05

Figure 24.

A

fitting for the

good

In Fig. 24, a

obtained.

The mismatch

also the effect of the

considerably better

concentrated

at

GISAXS

curve

fitting for the

at

very low

dynamic

at

0,10

higher

0,15

at

curve

q,, is

0.20

incidence angle of 0.12°.

at

incidence angle of 0.12" has been

probably due to the saturation of detector and

scattering at low scattering exit angles.

The

fit

becomes

(region of interest) and reveals the nanoparticles are

about the top 380

A

in the

upon annealing, the nanoparticles migrate

P2VP
into
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cylinders.

These

P2VP cylinder

results

prove that

block and mostly

concentrate near the top surface region. Therefore
the polymer/air surface energy

is

tuned by the self-assembly of nanoparticles.

GISAXS

While

provides an average orientation of the microdomains
in the film,

TEM was used to determine whether the orientation extended from the substrate to the
film surface (see supplemental for experimental methods).

image of pure PS-Z>-P2VP film
cylindrical

after annealing

microdomains are oriented

is

show

25(A). Here,

all

the

25(B) shows a

after thermal annealing.

TEM

These data

the penetration of the microdomains normal to the surface, and the

persistence of order over very large distances.
to observe the

in Fig.

parallel to the substrate. Fig.

image of a PS-/?-P2VP mixed with nanoparticles
quantitatively

shown

A cross-sectional TEM

morphology over

Due to

the low magnification necessary

large distances, individual particles cannot be

discerned. Unstained samples reveal that the nanoparticles preferentially reside within
the

P2VP

microdomains. The higher resolution

SEM

image

in Fig.

25(C), a top view of

a PS-Z>-P2VP/nanoparticle mixture film, shows that the nanoparticles also assemble on
the surface of the

PS and P2VP,

P2VP

cylinders.

P2VP
coated

in Fig.

(Yp2vp

CdSe

is

only very

the very bright areas are attributed to the

completely capping the tops of the

shown

While there

P2VP

cylindrical

weak

CdSe

contrast between the

nanoparticles almost

microdomains (schematically

25(D)). Thus, the cylindrical microdomains of the higher surface energy

-47 mN/m)'^^
nanoparticles

are coated with the lower surface energy, hydrocarbon-

(Yhydrocarbon chain

surface interactions, relative to the

= 30-33 mN/m)'",

PS matrix

(Yps

effectively balancing the

= ~39 mN/m)^^l This

causes an

orientation of the cylindrical microdomains normal to the surface. Experiments on

different substrates

and film thicknesses showed
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that the perpendicular orientation is

found regardless of the nature of the
substrate or the film thickness.
Consequently,
interfacial interactions with the
substrate are

mediated

in

a manner similar to that

at

the

air surface.
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Figure 25.

TEM and SEM

images of thin films from pure PS-Z>-P2VP block copolymer

and PS-Z?-P2VP/CdSe nanoparticle composites. (A) TEM image of cross section of a
pure PS-Z?-P2VP block copolymer film after annealing at 170T for 2 days. (B) TEM
image of cross section of a PS-Z?-P2VP block copolymer/CdSe nanoparticle film after
annealing

at

170°C

for 2 days. (C) Secondary electron

SEM

image of the surface of a

thin film of a mixture spin coated onto a silicon wafer and annealed at

(image width: 250nm) taken
of nanoparticle assembly

at

at the

IkV

170°C for 2 days

acceleration voltage. (D) Schematic representation

P2VP

cyHnders.
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This interplay between assembly processes
should be applicable to a wide
variety of other systems, since the surface
chemistry of the nanoparticles can be
tuned.

To

test this a

blend of poly(ethylene glycol) (PEG) tagged

ferritin

bio-nanoparticles

(ferritin-PEG) (see supplemental) and a lamella-forming
diblock copolymer of poly(2-

vinylpyridine) and poly(ethylene oxide), denoted
P2VP-^-PE0, was used. Thin film

samples of the block copolymer with and without
ferritin-PEG

and annealed

PEO

in saturated

benzene vapor. Without ferritin-PEG

microphase separated into lamellae oriented

PEG

SFM

26(B) and 26(C)). With ferritin-PEG, the

(Fig. 26(D)),

were prepared

particles, the

P2VP-/?-

parallel to the surface with the

crystalline

(Fig.

particles

located at the surface, as seen by optical microscopy (Fig.
26(A)) and

PEG

and the lamellar microdomains orient normal

crystallization

into

crystallization, mediate interfacial interactions

microdomains. This reorientation

is

suppressed

to the surface (Fig.

and 26(F)). Thus, the ferritin-PEG bio-nanoparticles are incorporated
microdomains, suppress

is

26(E)

PEG

and reorient the

similar to that seen in the PS-Z?-PVP

/

CdSe

nanoparticle mixtures. Having the ability to genetically and chemically'^'*''^^ manipulate
the surface properties of bio-nanoparticles, like

ferritin,

and to incorporate different

inorganic materials into the cores using biomineralization, copolymer/bioparticle hybrid

systems can be developed with unique

functionalities.
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Figure 26. Optical microscopy and SFM images of thin films from pure
P2VP-b-PE0
block copolymer and P2VP-b-PE0/Ferritin-PEG nanoparticle composites.
Optical

microscopy images (A/D) and

P2VP-b-PE0

SFM

topography (B/E) and phase images (C/F) of a
thin film after annealing in saturated benzene vapor for 3 days with and

without Ferritin-PEG. (A/B/C) Structure of a P2VP-b-PE0 thin film after annealing,
without Ferritin-PEG nanoparticles. (D/E/F) Structure of a P2VP-b-PE0 thin film after
annealing, with Ferritin-PEG nanoparticles.

5.4 Conclusions

In

where

summary, examples of synthetic and

biologically-inspired systems are shown,

a one-step hierarchical self-organization occurs by an interplay between distinct

self-assembling processes, producing spatially ordered, organic/inorganic and
organic/bioparticle hybrid materials. This synergy represents a significant advance over

other processes that rely on sequential fabrication steps to incorporate functionality into

pre-organized templates'^'^

into the

'^^'"'''"'*.

Furthermore, the orientation of microdomains,

system by the segregation of the nanoparticles
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to the interfaces,

is

built

independent

of film thickness, the nature of the interfaces
and the geometry of the system and

eHminates the need of external
important for systems

even large external

like

fields

with recent advances

in

fields to

manipulate the orientation. This

is

particularly

PS-Z,-P2VP, where interfacial interactions are
so strong that

cannot re-orient the domains through the entire

film.

Coupled

the synthesis of nanocrystals'^^ and the large
variety of

bionanoparticles that can be surface-modified' ^"^-'^^ and
biomineralized'", the
synergistic assembly process described here provides
remarkable control and flexibility

over the fabrication of nanostructured materials with applications including
chemical
sensing, separation, catalysis, high-density data storage and photonic
materials.
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CHAPTER 6
FUTURE STUDIES

6.1

Time Dependent Studies on Nanoparticle Assembly

at Oil-water Interfaces

Studies using a pendant drop lensiomclcr
indicated that the assembly of
nanoparticles could reach equilibrium within a few
hours, under our typical

experimental conditions (particle concentration, water/oil

ratio,

temperature,

etc.).

Studies on the dynamics of inorganic nanoparticles
(with a lew percent size dispersity)

using nuorescence photobleaching methods and studies on
the self-assembled structures
using

GISAXS,

ordering

suggested a liquid-like packing of the nanoparticles with no long-range

at the interface. In the

very late stage, though, the measurement of the particle

adsorption onto the interface using pendant drop tensiometer showed an abrupt decrease

of effective interfacial tension, suggesting a possible liquid-like to solid-like transition
of the particle packing. The preliminary efforts to probe
particle-particle correlation using

challenge

is

to

GISAXS

this transition

turned out to be difficult. The major

keep the x-ray probing the liquid-liquid interface during the whole

adsorption process while avoiding

technical barriers can be

beam damage of the

nanoparticle assemblies. If these

overcome by synthesizing more

or using intra-crosslinked bionanoparticles, in-situ

dependent information on the

particle

packing

robust inorganic nanoparticles

GISAXS

can provide the time

at liquid interfaces (i.e., particle-particle

distance and ordering parameter), so that potential phase transitions

assembly associated with a

critical surface

and

AIM

in the late

coverage can be measured so as

understand the physics of nanoparticle assembly

FRAP

by following the

at the

stage of

to better

oil-water interface. In addition,

force spectroscopy can also be used to monitor the time dependent
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changes of in-plane diffusion coefficient of
nanoparticles and mechanical properties of
nanoparticle assemblies, respectively, that can
be correlated with the

GISAXS

and

tensiometry results.

For

relatively large but

monodispersed bionanoparticles,

what are the structure and the dynamics of the

unclear, as of yet,

it is

bioparticle assemblies.

Some

important

questions need to be addressed. For example, with bioparticles,
monodisperse

can a 2-D crystal-like structure be generated

at

in size,

the oil-water interface? If so, what

is

the

nature of the ordering of the bioparticles and what role do particle
concentration,
surface properties of the particles,

pH and ionic

strength of the solutions play in

defining the structure of the bioparticles assembly? While other methods,

e.g. laser

confocal scanning microscopy and tensiometer, have proven to be powerful tools to
investigate the assembly of the bioparticles at the fluid-fluid interface, they do not

provide

scale.

critical details

SANS

studies

on the

on the

monolayer of bioparticles

structural organization of the particles

self- assembled structures

at the interface, but

on

the nanometer

suggest the formation of a

no pronounced

inter-particle correlation

could be resolved due, presumably to the low contrast between the bioparticles and the
solvents.

GISAXS may

assemblies in

situ.

studies include:

The other open questions which might

when

oil-water interface,

be the method of choice to study the structure of the bioparticle

non-spherical bioparticles,

how

are they oriented?

i.e.

also be addressed

rod-shape

TMV,

The information obtained

by

GISAXS

are assembled at

will

have

implications on the design of hierarchical self-assembly of bio-nanoparticles.

Experimentally, different bioparticles,

loaded with iron oxide core), apoferritin and

i.e.

CPMV, PEG-CPMV,

ferritin (fully

TMV will be prepared for testing. The
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particles

can be intra-crosslinked by glutaraldehyde

and tagged with microions

to

to obtain better x-ray

The

oil

trough with Kapton windows, so that the x-ray

sample edge-on

(in the

flat

beam can be used

to probe the

GISAXS

studies will

provide real-time information on the interfacial assembly
of the particles that

The

and phase

transitions

(i.e.

is

interface in a capillary tube

plane of the 2-D assembly). Time-resolved

to the structure formation

will be

used for assembling bioparticles

perfluorodecalin. Samples should be prepared to
give a
in a

stability

enhance contrast. The assembly of
the bioparticles

studied at the planar oil-water interface.

or

beam

is

the key

disorder-to-order or liquid-to-solid).

influence of particle concentration, ionic strength and

pH on the

assemblies will be

investigated.

6.2

Tuning the Packing of Nanoparticle
The inorganic

at Interface

under External Forces

nanoparticles are neutral in charge. However, by assembling the

nanoparticles at a planar interface and subsequently applying an electric
particles

field, the

can acquire a polarization charge, causing them to repel each other. This

in-

plane electrostatic repulsion should tend to enhance the in-plane order of the particles
that will strongly influence the permeability of the

membrane. GISAXS should be used

to investigate the in-plane ordering of nanoparticles at fluid interfaces as a function of

applied field strength and the changes induced in the ordering
crosslinked under an applied

means by which

field.

The use of an applied

when

the ligands are

field represents a

simple

the lateral packing of the nanoparticles can be manipulated in a non-

mvasive manner.
Studies can also be performed on nanoparticle assemblies on the surface of a

pendant drop, where the surface area of the drop can be abruptly expanded or contracted
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by changing the drop volume. The changes
of the

particle

packing

at

the interface and

the reversibility of the process can
be investigated using the techniques
described

above.

6.3 Bionanoparticle

Assembly as a Tunable, Soft Substrate for Cell
Adhesion

Studies of cell adhesion require biologically
active model surfaces, that ideally,

can offer control over the presence and distribution of
adhesion ligands, mechanical
strength of both the protein layer and substrate, or the
surface geometry and topology.
is

even more desirable

if

the properties of the

responses can be monitored

in-situ.

model surfaces

It

are tunable so that cell

The bionanoparticle coated

oil

droplets can serve as

a unique, tunable, soft substrates for this purpose that have several
advantages
including: the surface of virus or protein particles can be modified either
chemically or
genetically in a site-specifical manner,

cell

adhesion or attaching

both.

The

attaching

i.e.

PEG chains

to prevent non-specific

RGD peptide to promote integrin-mediated cell adhesion or

distribution of adhesion ligands can be controlled by mixing different ratios

of PEG modified and

RGD

modified bioparticles. The mechanical properties of the

substrate can be controlled in-situ either by crosslinking the bioparticle assembly or

crosslinking the

PDMS

oil

underneath. The remodeling of the substrate by cells can be

monitored by tracing the fluorescently tagged bioparticles with

different ligands,

visualizing the wrinkles reflecting the traction forces exerted by cells.

The

size

and

of the

droplet can also be varied easily to render different surface curvatures. Preliminary

studies

show

that a variety of cells adhered

particle assemblies at oil-water interfaces,

and spread surprisingly well on the

which clearly demonstrates the

use this system for a systematically investigation of the related
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cell

CPMV

potential to

behavior.

6.4

Extended Studies on the Self-assembly of
Nanoparticle/Copolymer Mixtures

By combining

GISAXS on the thm

different characterization

methods including

film samples before and after
annealing,

that a novel synergetic process occurs

when

AFM,

TEM and

has been clearly

it

shown

nanoparticles are added to a microphase

separated diblock copolymer. In the case of
PS-b-P2VP, the nanoparticles preferentially
reside in the

P2VP microdomains

and segregate

to the air surface

capping the

P2VP

cylinder heads. This, in turn, directs the orientation
of the copolymer microdomains

normal to the
direct their

structure.

interface.

Thus, without the use of any external forces, the
mixtures

self-

assembly into a hierarchically ordered and oriented
microphase- separated

The

detailed underlying mechanisms, though, are not fully
understood, but

should be revealed by following the relocation of the nanoparticles
and reorientation of
the diblock domains using scattering methods.

nanostructures in

situ,

intrusive technique.

GISAXS

To demonstrate

the motion of the

provides a surface and interface-sensitive, yet non-

The Advanced Photon Source (APS) provides

that are well suited for the

GISAXS

needed for time-resolved study with

studies proposed here.

The

is temporal resolution.

brilliant x-ray

intense x-ray

beams

beam

is

The assemblage of the

mixtures of ligand-stabilized CdSe nanoparticles (diameter 2~5nm) and PS-b-P2VP can

be investigated to understand
critical

C02) and

how

different annealing

annealing conditions alter the

methods (thermal, solvent, super

lateral ordering.

By

applying

concept to a large variety of other block copolymer/nanoparticle hybrids
or bioparticles),

it

is critical

to understand the role of the size

(e.g.

this

magnetic

and surface chemistry of

the nanoparticles in directing their location, as well as the orientation of the host system.
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